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F O R E W O R D  

This is the final report  on this project which has  been supported on 

NASA Grant NGR 39-0 11 -067 with the objective of exploring and developing 

a new solid electrolyte technique for the determination of the mechanism and 

kinetics of oxidation of metals  and alloys. 

As  will be shown excellent data were obtained in the case o f  i ron 

oxidation but cc rtain difficulties were encountered in the non-fe rrous metals  

and alloys. 

which resulted i s  unique in that it not only provides kinetic data regarding 

However, one of the major difficulties was solved and the method 

oxidation but a l so  indicates which oxide is forming a t  any given instant. 

The method should be developed fur ther  since much important data 

can be obtained regarding the mechanism of oxidation by this method. 

Report Submitted: June 1970 
G. R. Fit terer 
Principal Investigator 
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SUMMARY 

This study of the solid electrolyte technique for  determining the 

oxidation characterist ics of metals and alloys has verified and extended 

the work  of Ta re  and Schmalzried. ( I 1 )  In fact ,  it  has  been shown that 

when the cell is properly prepared and manipulated, this technique provides 

both thermodynamic and kinetic data with surpr is ing accuracy. 

Time was not available to develop this procedure to the rapid and 

However, methods for analysis routine technique of which i t  is capable. 

of data f rom this cell  have been devised and special thermodynamic t r ea t -  

ments have resulted in very remarkable checks on data obtained by other 

methods. 

This technique as modified and extended is a highly significant 

advancement and i t  is hoped that it will be continued somewhere to i t s  

1 11 t i  mat  e us e f ul ne s s . 
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-4 STUDY O F  THE KINETICS O F  THE SURFACE OXIDATION O F  
METALS AND ALLOYS B Y  SOLID ELECTROLYTE TECHNIQUES 

INTRODUCTION 

The much re fer red  to development of solid electrolyte techniques 

by Kiukkola and Wagner") has  nucleated a vast  amount of metallurgical 

research  of various types. 

Investigations of this nature have established the f ree  energies of 

( 9) the diffusion rates of oxygen in  solid 

recorded in the 10-12 years  following the initial publication. 

and liquid'") metals have been 

Recently, 

solid electrolyte techniques for  the study of the kinetics of high temperature  

i 9) 
reactions have been developed. Rickert 's research  in this field is well 

known. 

The work about to be described is  an  extension of the interesting 

technique suggested by Ta re  and Schrnalzried'll) for the study of the 

kinetics of oxidation of solid metals and alloys. 

ii; F igure  1 ,  the cell u s e d  in their  work consisted of an electrolyte d isc ,  

on cme side of which is pressed  a metal foil of known thickness. 

rnixture of C 0 2  and CO i s  directed against the metal  foil and cxygen o r  Fir 

on the opposite side of the electrolyte se rves  a s  the reference s ta te .  Platinur,i 

leads and thermocouples permit one to measure the changes in the cell voltage 

during the oxidation of the metal a t  the selected temperature .  

As shown schematically 

A gaseous 

Figure 2 according to  Tare and Schmalzried,  schematically illustrates 

the trend of the cell potential with t ime.  P r i o r  to heating to  the experimental 
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0 temperature ,  a voltage (E  

oxidation. 

during heating 

i s  suddenly changed to the desired level. Thus,  during the initial period 

indicated a s  A in the f igure,  oxygen is adsorbed on the surface; and as in 

the case of the oxidation of iron, diffuses into the foil until the formation of 

wustite i s  nucleated a t  the low point of the curve.  Wustite continues to form 

until the entire foil i s  transformed to oxide ( i .  e .  , in period-B) a f te r  which 

the emf drops to a lower value (period-C) depending upon the oxygen differential. 

By means of this technique, a linear reaction rate constant for  the oxidation 

o f  iron to  wllstite was determined by these authors .  

is imposed against the cell so  as to  just prevent 

Also ,  the CO,/CO ratio is held slightly on the reducing side 

When thermal  equilibrium has  been attained, the gas ratio 

I I  1 1  

This investigation has  been organized into two phases. Phase I has  

involved an attempt to duplicate the T a r e  and Schmalzried experimental 

procedure and data for the oxidation of i ron.  

Phase I1 has been directed toward the determination, if possible, of 

the oxidation character is t ics  of the more  refractory metals and alloys by this 

same procedure.  

The. niajor objcctive of the ent i re  project has  heen directed towards the 

evaluation o f  thin technique as a more  rapid method for detc>rmining the 

oxidation rates of metals than the usual micro-balance procedure o r  the weight 

gain methods. 
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P H A S E  I THE OXIDATION O F  IRON 

I t  

The problems involving the oxidation of i ron have long been of great  

interest  to many investigators.  

involved were complicated by the fact that three oxides, FeO, Fe304 ,  and 

F e  0 
2 3  

Fur ther ,  i t  was realized by ear ly  investigators that "FeO" was not a stoi-  

chometric compound but was an iron deficient oxide which was given the 

name of Wustite and a l so  the symbol, Fe  0. 

Some of the peculiari t ies of the reactions 

exist  and that any one o r  all  may form during a given experiment. 

I 1  

X 

Probably the most  thorough investigation of the WGstite field of the 

iron-oxygen system was made by Darken and Gurry.  ( '  2, Their studies 

established the phase boundaries of the sys tem,  as shown in Figure 3 .  

experimental method involved the suspension of a s t r i p  of slightly oxidized 

i ron  in  a furnace with a known temperature gradient. 

mixture  was passed through the furnace and in about an hour the oxidized 

specimen w a s  removed, after f i rs t  raising it t o  a cool par t  of the furnace 

where no reaction would take place. 

studied along the length of the specimen. 

The 

A constant C 0 2 - C 0  

The oxides were then analyzed and 

Knowledge of the temperature  at 

each longitudinal position of the furnace and the variation in the analysis 

of the oxide fi lm established the phase boundaries. 

It was  found by these investigators, as well as by many others la te r ,  

that reactions o f  i ron with oxygen a r e  very sensitive to  temperature  changes, 

as well a s  to slight variations in oxygen p res su re ,  as shown by the clotted 

l ines in Figure 3 .  Thus, considerable care  must bc taken in any such experiments 

so as to accurately control a l l  parameters .  
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Figure  3 The F e O  - F e  0 System according t o  Darken and  
2 3  Gurry  ( 5) 
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Nirrrte rouH inveHtigatcjrs have also been interested in the determination 

. 

o f  the rate o f  oxidation of iron under various conditions. 

involved thc change of weight of bulk specimens,  whereas ,  others were 

concerned with the determination of the l inear oxidation of thin foils when only 

Some techniques 

one surface was exposed to the oxidizing medium. In general ,  it has  been agreed  

that the reaction rate i s  l inear for  iron foils up to a t  least  four o r  five mils in 

thickness. The current  work extends this range. 

EXPERIMENTAL TECHNIQUE AND CALIBRATION O F  THE CELL 

The cell used in the current work is  shown in Figure 4 .  It is designed with 

three distinct electrical  c i rcui ts .  Circuit A - B  i s  s imi l a r  t o  the T a r e  and 

Schmalzr i rd  concept, and it is through this circuit  that the changcs in the cell 

voltage w e r e  measured during the oxidation of the metal  f o i l .  

The second circuit  ( i .  e .  , A-C) i s  designed to give the basic  cell voltage, 

without the metal foil The reaction involved i s  

Inasmuch as the standard free energy of this reaction is well known, a 

family of curves ,  as shown in Figure 5, may be calculated in accordance with the 

van't Hof'f isotherm: 
- -( 4 cJ I RTlnJ - - - -  - - - - - -  _ _ - - - _  &, = -neF' n1' 

e the cell voltage 

n y - 2  

F = 2 3 ,  066 cal/volt o r  the Faraday equivalent 

Note: 

considered to be related to the cell voltage since 

In al l  cases here- in-af ter  the value of the reaction f ree  energy will be 
P 

AGR = -neF. 
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F i g u r e  5. Calibration of The Solid Electrolyte Cell  for The Reaction: 

2 CO t 1 / 2  Oz (air} = CO 



A G O  = -67, 500 + 20. 75T according to Kubaschewski, 
Evans and Alcock ( 1 3 )  

R = 1.986 callOK 

T = OK 

J = pC02 /pC0  t-where p02  = O .  21 a t .  (air). Thus, 

J expresses  the experimental non-equilibrium concentrations. 

Prel iminary tes t s  were made using circuit A - C  at various temperatures  

0 
f r o m  873 to  1186 C and with COz/CO ratios as indicated in the figure.  

shown, the experimental data correlate quite satisfactorily with the the r m o -  

dynamically calculated l ines,  The maximum deviation of these experimental 

values f rom the calculated lines is less  than 1%. 

As 

Later ,  circuit  A-C was used 

as a reference to check the cell behavior with metal  foil during the experiments.  

Sudden alterations of the CO / G O  ratio resulted in corresponding responses ir, 

the cell  voltage within less  than 15 seconds at all potential levels.  

-- Sa.mp& I Preparat ion 

i ron  carbonyl by Magnetics, Inc. of Butler, Pennsylvania. This billet was then 

i*t)!leti a;. the University to  0 .  100 inch s t r i p  a t  2200 F and returned to  Magnetics, 

l i i c : .  

2 

A billet of (99. 99 t 70) i ron powder was prepared from 

0 

WhCre it was cold reduced to ( 0 .  0043", 0. 004" and 0 .  0004" thick) fo i l s  O X  ;r 

SeLidzimer planetary mil l .  Some of the carbonyl i ron billet mater ia l  was ais<> 

sl iced and polished down to various thicknesses s o  as to extend the experiiric-i-lt,~ 

data to  heavier foil. 

A l l  samples were recrystallization annealed in hydrogen, Lhen wasneci  

and cleaned with acetone p r io r  to the oxidation experiments.  The rolled 

mate r ia l  presented different types of surfaces  and grain orientations than 

the samples which had been polished down from bulk specimens.  



l i  

The cell of Figure 4 was also provided with a third electrical  circuit  

which i s  not shown in the figure.  

back potential a t  the s t a r t  of each experiment s o  as to prevent oxidation 

until the experimental temperatures had been attained. Fu r the r ,  the initial 

CO /CO ratio was adjusted a t  the s ta r t  to a point which was very slightly on 

the reducing side according to prior thermodynamic calculations. 

This circuit  was used to impose the (DC) 

2 

As in the Ta re  and Schmalzried procedure,  the imposed potential 

was next removed and the CO,/CO ratio w a s  quickly adjusted to the desired 

experimental level.  

throughout each experiment. 

trends during a given experiment in  a manner s imi la r  to that in Figure 2. 

I n s t r un 1 e nt a t i on The cell voltage was recorded on a Honeywell, Electronic-. 

which was backed up with a constant voltage source s o  that the instrument only  

recorded the top 100 millivolts during any given experiment. 

that the cell emf was measured potentiometrically at a l l  t imes.  

The temperature was a lso  held at a constant level 

The cell voltage varied according to the oxidation 

--- -- 

This insured 

A Honeywell Precis ion Rubicon Potentiometer was used to measure 

~ C I I J ~  l 'dtures periodically throilghout a given experimznt. 

Spatially calibrated Mancstat flow meters were used tcl ~ d ~ u s t  ch, 

i30 / CO ratio throughsut a l l  experiments. L 

EXPERlh ' lENTAL RESULTS 

gned to provide several  "larrLilies" cf L U ~ * ' \ I :  

11 the oxidation of iron Lnder varloub 

The esperirnents were dcs 

whic-h would represent  the trends 

conditions. 
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The variables which were scheduled in these experiments are: 

1. The temperature  ( i . e . ,  900, 1000, and llOO°C) 

2. The CO /CO ratios (i. e . ,  0. 5 ,  1. 0 ,  2 .  0 ,  and 5 .  0) 
2 

3 .  A s  shown in Table 1, the foil thickness var ied in ten 
s teps  f rom 0.  0004" to 0 .  0096" 

The three curves shown in Figure 6 a r e  condensed reproductions of 

experiniental curves and a r e  typical of all of those obtained in the oxidation of 

i ron.  0 
At a n  operating temperature of 900 C and a CO,/CO ratio of 2/1, the 

t rends a r e  s imi la r  and vary only because of the thickness of the foil. 

case,  the initial CO,/CO ratio was held a t  0 .  35 as the samples  were heated to 

In each 

the expe rimental tenipe rature .  

Whan the gas ratio was changed to 2/1,  the errif dropped ( a s  a t  Point-B) 

I I  

until the formation of wustite was nucleated, then the voltage rose to the Point-C, 

as shown i n  the figure. All three of the C-values o r  peak voltages are within 

less than 1 %  of the calculated voltage f o r  the formation of wustite under these 

conditions . 

1 1  

Thtbse curves all differ from the T a r e  and Schmalzried schematic curve 

of Figure 2 ,  because in these experiments the voltage s ta r ted  to drop as soon 

I t  

as the foil had been oxidized completely to wustite. 

until the basic  cell  voltage for  the formation of CO 

It is nssunicd that a t  I'oint-C, the oxide film was saturated and had become s o  

inact i v r ,  i t  merely scirved as a n  electrical contact for Reaction- 1 .  Experimental 

data for all tes ts  a r e  given in Table 1 .  

This continued in every case 

was reached, as in Figure 5.  
2 

The curves in Figure 6 a re  identifiable in Table 1 a s  tes ts  numbered 

1 ,  4 ,  and 9 
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Table - 1 - -  Experimental Data 

Test 

No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
1 2  
13 
14 
15 
16 
i7 
18 
19 
20 
21  
22 
23 
24 
2 5  

27 
26 
29 
30 
3 1  
32  
33 
34 
35 
36  
37  
38 

^ I  

L O  

'emp. 

(%C) 

900 
900 
900 
900 
900 
900 
900 
900 
900 
900 

1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1090 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1100 
1100 
'I 100 

Foi l  
rhi ck - 
ness 
(mils) 

0.4 
0 * 4  
1.0 
1.3 
1. 3 
1. 3 
4.0 
4.0 
4.3 
4. 3 
0.4 
0 .4  
0 .4  
0 .4  
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
1. 3 
1. 3 
1.3 
4.0 
4.0 
4.0 
4.3 
4 . 3  
5.0 
5. 5 
6.9 
8. 2 
8. 5 
9. 5 
9. 6 
0.4 
0.4 
0.4 

O 2 / C 0  

Ratio 

2. 0 
5.0 
5.0 
2. 0 
5.0 
5.0 
2. 0 
5.0 
2.0 
5.0 
0. 5 
0. 5 
1.0 
1.0 
1.0 
1.0 
2.0 
2.0 
5.0 
5.0 
2.0 
5.0 
5. 0 
2. 0 
5.0 
5.0 
2.0 
5. 0 
5. 0 
5. 0 
5.0 
5"  0 
5.0 
5.0 
5.0 
1.0 
2.0 
5.0 

Time to 
Reach 
Peak 
(Min. ) 

6.0 
6. 5 

22.0 
23. 0 
22. 5 
24. 5 
70.0 
68.0 
95.0 
75.0 

6. 5 
3. 5 
2.0 
4.0 
2.0 
3.0 
2.0 
2.0 
2.0 
2.0 
8. 5 
5.0 
5.0 

24. 5 
20.0 
18. 5 
25. 0 
20.0 
19. 0 
20.5 
30.0 
37.0 
39. 5 
45.0 
51. 5 

1. 5 
0.5 
0. 5 - 

EO 

(Vol t s )  

0.938 
0.945 
0.948 
0.950 
0.943 
0.935 
0. 948 
0.940 
0.943 
0.943 
0. 907 
0.906 
0.902 
0.906 
0.908 
0.918 
0.916 
0. 904 
0.906 
0.902 
0.914 
0.905 
0.916 
0.913 
0.904 
0.920 
0. 905 
0. 905 
0.906 
0. 308 
0.306 
0.906 
0. 914 
0.503 
0.910 
0. 877 
0.860 
0.864 

5' (Peak) 

(Volts) 

0.918 
0.895 
0.916 
0.923 
0.870 
0.862 
0. 921 
0.901 
0.923 
0. 900 
0.890 
0.889 
0.883 
0.890 
0.900 
0.900 
0.898 
0.876 
0.885 
0.868 
0.893 
0.873 
0 .891 
0.900 
0.880 
0.500 
0.893 
0.8G3 
2,. 888 
0.895 
0.893 
0.896 
0.898 
0.888 
0.883 
0 . 8 6 2  
0.837 
0.817 

p - 1  

rc x 10-8 

s e c-l c m- 2, 

1 

0.862 
2.00 
0.935 
0.970 
2. 79 
2. 48  
1.00 
1. 52 
0. 582 
1. 59 
0. 700 
1. 28 
2. 55 
1. 07 
1. 0 6  
1.58 
2.37 
3. 76 
2. 82 
4. 60 
2. 12 
5. 58 
4. 05  
1. 4 1  
3. 22  
2. 84 
1. 3 7  
3. ? b  
'>" 1 4 
2. 3 1  
1. 98 
1.47 
2.24 
2. 3': 
2. 6 1  
2. -13 

12.9 
26. 5 



15 

In these studies,  the t ime f rom the s t a r t  of the oxidation to  the peaks 

of the voltage curves (i.  e .  , f r o m  points A to  C of Figure 6) was selected as 

the total t ime for the oxidation of the foil.  

plotted against the thickness of the foil in Figure 7. 

temperature  and CO /CO ratio a r e  clearly shown and i t  is apparent that the 

oxidation of  i ron under these conditions is l inear  for  foils up to 0 .  0096” 

thickness.  

C 0 2 / C 0  ratios within these ranges. 

These t ime periods have been 

Here ,  the effects of 

2 

The variation in  temperature is more  effective than changes in 

N o  attempt was made in this work to  determine any variations in 

1 1  

stoichiometry of the wustite ( i .  e .  , the value of x in F e  0). 

studied in considerable detail by Rizzo(14) using coulometric titration with 

solid electrolyte cel ls .  

did not deviate much from the composition designated by line A-B of Figure 3 

f o r  a given temperature .  

This had been 
X 

It was assumed that the oxide in any given experiment 

T H E R M 0  DY NAMIC CALiC ULATIONS 

I n  this experimental system, two reactions a r e  taking place s imul-  

taneously and both of these contribute to the cell potential. 

the oxidation of i ron with the reaction being r e f e r r e d  to air as the standard state 

f o r  oxygen. The second reaction involves the formation of CO 

oxygen and this a l so  i s  re fer red  to air as the reference s ta te .  

One of these involves 

f rom CO and 
2 

x F e  t 1 / 2 0  L (air) -- FexO, AG R 2 AG; f R T l n  v m  ----- ( 5) 



I -  
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0 03 9 
4 

("T!W) 
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The AG') values were obtained f rom Humphrey, King and Kelly ( 15) 
2 

for  the reaction: 

(298. 16 to  165O0K) 0.  947 O (c) 
0 .  947 Fe  t 1 / 2  O2 = F e  

In this experimental  system, the reaction occurs  under dynamic 

conditions which involve a constant flow of a CO and CO mixture at a pre-se t  2 

ratio.  This reaction provides the oxygen for the oxidation of i ron ,  so that 

according to  the van't Hoff isotherm,  

& = A G ~  t RTln d w i .  t RTln pCo2 
p C 0  JPO (air) R 

2 

As shown in the Annual Report (10/23/68) ,  the values obtained a t  the 

various experimental  temperatures  and gas ratios cor re la ted  quite well with 

values calculated from Equation 6 .  

In this experimental  technique, the CO /CO mixture provides a source 
2 

of oxygen at a given par t ia l  p ressure  which may be calculated f rom the temp- 

e r a t u r e  and the gas ratio being used. With this information, one may predict  

I I  

the extent of the wustite reaction. If a ratio of CO /CO is being used which will 2 

produce a n  equilibrium PO 

a t  the phase boundary indicated by line A - 8  in Figure 3 .  

for  the temperature  level,  the reaction will cease 2 

If on the other hand, the partial  p re s su re  of oxygen is higher than the 

equilibrium level for the specified tempera ture ,  the wustite will increase in  

oxygen content with a subsequent decrease in the x value of Fe  0. 

will  proceed a c r o s s  the wustite a r e a  of Figure 3 f rom line A-B toward line A-C 

until equilibrium is  reached a t  a given tempera ture .  F o r  example,  i f  a t  1000°C 

1 1  

This t rend  
X 

I t  
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1 - 14 a partial p re s su re  o f  oxygen of p = 10 

lished a t  point-x of Figure 3 .  

i s  used, equilibrium will be estab- 

I 1  

The increase in the oxygen content of wustite 

to an extent that magnetite s t a r t s  to form,  requires  a considerably higher 

co2/ CO ratio.  

In o rde r  to f o r m  any magnetite, the PO must  be increased to as much 
2 

as at  this temperature .  In order  to accomplish thi.s, the CO,/CO ratio 

must be increased from 0 .  555 to 1 1 .  3 .  
-I_ --- 

Some indications were obtained in these experiments to  verify these 

I I  

concepts. However, the porosity of the wustite film under these conditions 

resulted in difficulty in reaching the magnetite region. No difficulty was 

encountered due to porosity, however, in any of the experiments terminating 

1 1  

in equilibrium a t  the wustite phase boundary. 

KINETICS AND THE DETERMINATION O F  THE RATE CONSTANT 

In a cell  of this type, the cel l  potential i s  a function o f  the reaction 

f r c e  energy as expressed in Equation-2. The reaction free energy in turn is 

a function o f  the dissociation pressure of the oxitlc in contact with the metal and 

the oxygen pressure  i n  the gas phase which i s  determined by the CO /CO ratio 2 

at  the experimental temperature with a i r  as the reference.  

(11) 
In their  study of the kinetics of oxidation of i ron,  Ta re  and Schmalzried 

used a modified relationship suggested by Kubayaki and Wagner. (16) The 

t ime period sclected in their work was the length of the plateau o r  B-section 
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where: 0 = foil  thickness (cm) 
d = density of iron 
t = t ime (seconds) 
M 

I-x = Composition F e  
= Atomic Weight of iron 

equilibrium with i ron 
(1  -x) O in 

This relationship was a l so  used by Pett i t  and Wagner'l') in a 

somewhat different form to describe a weight-gain study of the oxidation of 

iron. 

In the current  work, the rate constant was related to the time required 

for the cell voltage to change from the initial voltage at  the s t a r t  to that at 

point-C which was assumed to indicate the complete oxidation of the foil.  As 

shown in Figure 6 ,  no t rue voltage plateau region was indicated in the recordings 

of this work except when low CO / C O  ratios were used a t  low temperatures .  

Even in these cases ,  however, the "plateau" was not entirely flat and a peak 

2 

voltage was evident. 

In this work, the rate constant was determined from the following 

wherc: 8 L- foil thickness (cnl) 
d = density of i ron 
t - time (seconds) 
M 

AE 

= Atomic Weight of i ron 

= the difference between the 
experimental (E ' )  and the 
equilibrium potential (Eo) 

EO .- - -  Equilibrium electrode potential 
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I .  

AEo is related to the equilibrium oxygen pressure  a t  the metal-oxide 

surface and E '  is related to the oxygen p res su re  a t  the gas-oxide surface.  

This approach to the problem i s  s imi la r  to that proposed by Taylor (18) 

for  reactions in which one of the reactants was being consumed. 

the iron i s  progressively transformed to oxide. 

In this case ,  

In the temperature  range of 850-975OC,  Tare  and Schmalzried reported 

an  average rate constant of 3 .  5 x In this work a t  900 and 1000°C, an  

-8  average of thirty five experiments indicates a rate constant. of 2. 38 x 10 . 

using electrical  resistance measurerncnts and radioactive t r a c e r  (19 )  Grabke 

techniques indicated specific rate constants of 1 .  59 x lo-' and 1 .  81 x l f 9 ,  

respectively. a t  8 0 0 ~ ~ .  

Recent correspondence from H.  Schmalzried indicated concurrence 

in the rate  constant reported in the current  work and a l so  indicated that this 

is "essentially the value obtained by D r .  Bohnenkamp at  the Max-Planck-Institut 

fur  Eisenforschung a t  D'usseldorf'' in recent but unpublished work. 

Forward  Reaction Rates ----- Edmiston and Grace (20' reported an activation 

1 1  

energy of 27,400 calories for the reduction of wustite with hydrogen in this 

tcmpc rature  range. 

' rhcir  values were determined by calculations of thc forward and 

(21) 
backward reaction rates  by a method suggested by Prigogine, Outer and Herbo 

and  developed fur ther  by others .  ( 22) ( 2 3) 

This procedure w a s  investigated in  the current  work as a second method 

f o r  the calculation of the activation energy. 

van' t  Hoff isotherm. 

This method a l so  is based on the 
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From the mass-act ion law, it i s  recognized that the equilibrium 

constant i s  a combination of the forward and backward rate constants, kf and k 

For  example,  in the reaction f o r  the reduction of wustite with hydrogen, 

b '  
I I  

where the forward rate i s ,  Rf = k p 
f H p  and the reverse  rate i s ,  Rb = k p 

b H20 

The relat6onship between the reaction and the standard free energy values 

a t  any temperature  may be expressed in t e r m s  of the partial  p ressures  of the 

two gases  according to  the isotherm 

AGR - A G O  = RTlnJ and 

At equilibrium, of course,  J = K  and the forward and backward rates  a r e  

equivalent. 

Taylor  s e r i e s ,  the higher order  te rms  a r e  neglected, and the derivatives 

evaluated at  zero.  

As shown by Edmiston and Grace,  when this is  expanded with a 

The expression then reduces to 

(10) - R = - R ~  ( ~ G / R T )  - - -  _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ - - - - - _  
Rf b 

When the over-al l  reaction rate (R -R ) is plotted against -Lk; /RT,  the 
f b  

slope of the line i s  numerically equal to the back reaction ra te ,  (Rb). 

then permits  the calculation of the forward reaction rate .  

This 

R values f o r  the current reaction were  next calculated from the f 

experimental  data and these values were substituted in an Arrhenius type 

equation a s  follows: 
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Q* * d In Rf 
, where Q is the activation energy and __- - -- - 

dT R T ~  

4 

f T '  Values for  log R were  plotted against - lo  and from this plot, 

the slopc of the line w a s  found to  give an  activation energy of 38,  720 calor ies .  

The averages of these points were plotted on an  expanded scale  in Figure 8 ,  and 

from this ,  the values fo r  Equation -10 were obtained, ; . e .  ~ 

The average experimental  values f o r  log k were also plotted against - l o 4  
T 

where i t  is shown that this line i s  parallel  to  the log R line but has  a n  intercept f 

of log k = log 1 o r  ze ro  and, 

Thus,  the apparent value for the activation energy for the oxidation of 

(23 )  i ron in a niixturo of CO. and CO is 38, 720 caLories. However, Benson 

descr ibed how the effect of very  small  e r r o r s  in various experimental factors 

L 

can affect  the value of the rate  constant. Such smal l  discrepancies can a l so  

cause quite large e r r o r s  in  this value. 

Wei h t  Gain d-- To date, most  of the kinetic data regarding the oxidation of 

meta ls  have been obtained by thermo-gravimetr ic  (or  Micro-balance) methods. 

Thcsc, of coursc,  are bulk oxidation procedures ,  since oxidation of the specimen 

occurs  on all esposcd surfac:c?s as  contrasted with the l inear oxidation on only one 

exposecl surface as in the currcBnt  rcscarch .  
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However, the experimental data f rom the method used in the current  

I -. 

I .  

work can be translated into weight gain values. The weight of each specimen 

is known and by assuming that the foils were t ransformed completely to wGstite 

a t  point-C in the emf-time curve,  the gain in  weight of each specimen was 

calculated. 

f r o m  experiments using a 5 / 1  ratio at  1000 C may be compared with the results of 

Pettit and Wagner(17) who used a 1/1 ratio of CO /CO a t  llOO°C. Values from 

the current  work with a 5 /1  ratio of CO /CO a t  1000°C compare favorably with 
2 

Pettit and Wagner's resul ts  with a 1/ 1 ratio at 1 100°C. 

These results a r e  shown in Table 2 and in Figure 9 where values 

0 

2 

It has  been pointed out by Pettit and Wagner(17) and others that the 

oxidation of iron progesses f rom a l inear to a parabolic rate af ter  the oxide film 

has progressed beyond a certain thickness. 

t rends shown in Figure 8. 

to describe this type of oxidation behavior. 

"interface controlled and l inear during the initial stages and diffusion-limited 

o r  parabolic af ter  extended oxidation. I '  

This is  somewhat evident f rom the 

K ~ f s t a d ( ~ ~ )  has  suggested the t e r m  "general parabolic" 

Such reactions a r e  apparently 

According to Kofstad, this type of 

behavior is  described by the expression 

i 14) t -kl  _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  x = k  

and by plotting x vs t / x  one may determine the parabolic rate k 

the line and k l  a s  the intercept a s  t /x=O.  

as th.- slope of 
F 

PHASE I SUMMARY AND CONCLUSIONS 

The solid electrolyte technique which was propcjsed by Ta re  and 

Schmalzried has  been verified and has  been developed into an effective and 

useful tool for  the deterimination of oxidation rates  o r  iron 
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Table 2 - Gain in Weight 

Foil 
rhickness (in.) 

0.0004 
0.0013 
0.0040 
0.0043 
0.0004 
0.00 10 
0.0013 
0.00 13 
0.0040 
0.0004 
0.0004 
0.0013 
0.0040 
0.0043 
0.0004 
0.0013 
0.0040 
0.0043 
0.0050 
0.0055 
0.0069 
0.0082 
0.0085 
0.0095 
0.0096 

t ime 

- 
360 

1380 
4200 
5700 

390 
1320 
1350 
1470 
4080 

120 
120 
510 

1470 
1500 

120 
300 

1200 
1500 
1140 
1230 
1800 
2220 
2380 
2700 
3090 

VT- 

19.0 
37.2 
65.0 
75. 5 
19. 7 
36. 3 
36. 8 
38. 4 
63. 7 
11.0 
11.0 
22. 6 
38. 3 
38. 6 

17. 3 
34.7 
38. 8 
33. 6 
35.0 
42. 3 
47.0 
48. 8 
51.8 
55.5 

1 0 . 9 ,  

I 

I 
i 
I 
I 
I 

-- 
i 
I 

I 

w A (g-) cm 

3 
x10  

0.90 
2. 90 
8.96 
9. 65 
0.90 
2. 20 
2. 90 
2. 90 
8. 96 
0.90 
0.90 
2.90 
8. 96 
9. 65 
0.90 
2. 90 

' 8.96 
9. 65 

11.20 
12.20 
15. 50 
18.60 
18.80 
21.30 
21.40 

. 
25  



26 

I * -  
~ 

1. .. 

W 
A 

- x  

This Work _ - _ -  
30 - - 

- 

900' 
R = 5ar~d-2- 0 - ,,-oo- - -  

e-- c c 

I I I -I----' 
1000 2000 3000 4000 5000 0 

Time (seconds) 

Figure 9 Weight Gain of Iron per cm2 at Different Temperatures and 
CO,/CO Ratios 



27 

In the current  work, the linear rate constaneproposed by these authors 

has  been checked. In addition, the experimental data cor  re late reasonably 

well with the weight-gain method used by others for  a study of the oxidation 

I I  

of i ron to wustite. 

This work has  verified the fact that the oxidation of iron in C 0 2 / C 0  

atmospheres i s  l inear a t  low oxide thicknesses, then becomes parabolic in  

thicker oxide films where the oxidation rate becomes diffusion controlled. 

The solid electrolyte method promises to he quite useful in the deter-  

mination of the oxidation kinetics of many s teels  because of i ts  rapid response 

and the lack of need for  high vacuum to prevent oxidation during the heating 

cycle. 

The oxidation in this procedure progresses  f rom only one surface at 

least  in i ron oxidation and is unique in this respect.  

gives one a clue as to which oxide is being formed a t  various s tages .  

A l s o ,  the cell voltage 
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PHASE I1 OXIDATION O F  NON-FERROUS M E T A L S  AND ALLOYS 
(NICKEL, AND NICHROME) 

The application of a Tare and Schmalzried type cell to the study of 

the rate of oxidation of pure iron was essentially a complete success  

Sufficient experimental data have been determined s o  that one can 

predict with confidence the length of t ime for  the complete oxidation of a n  

I I  

i ron foil to wustite i f  the thickness of the foil,  the temperature  and the 

C 0 2 / C 0  ratio a r e  specified. 

t es t s  l isted in Phase I. 

Such predictions were made in many of the 

The results checked the predictions very closely. 

Consequently, the initial studies of the oxidation of non-ferrous metals and 

alloys were s ta r ted  with considerable confidence that s imi la r  results should 

be obtained without alteration of the technique. 

However, difficulties were encountered immediately. Regardless of 

the temperature ,  the oxygen.content of the gas ,  i t s  flow rate o r  the surface 

preparation of the foil,  no characterist ic oxidation curves were obtained. In 

e v e r y  case the cell voltage steadily decreased down to the equilibrium value 

f o r  rhe gaseous mixture a s  i f  the metal foil was not present.  

ear ly  tes ts  were listed in the October 1969 P r o g r e s s  Report and wl l l  not be 

repeated he re .  

Some of the 

The various parameters  of these unsuccessful experiments o n  

nickel and nichrome a r e  l isted in the Appendix. An occasional iron specimen 

was  interspersed between the nickel and nichrome tests  s o  as to be reassured  

that the cell  was operating properly. 

Observation of the non-ferrous foils af ter  these experiments indicated 

that oxidation w a s  taking place on both s ides .  This was the case even during 
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tes ts  in which the foils were  pressed  against the surface of the electrolyte tube 

with considerable pressure .  

oxidized linearly f r o m  one side.  

diffusion controlled process  until thick foils a r e  used, but this is not the case 

I 

This had not been the case with i ron foils which 

I t  
The oxidation of i ron to wustite i s  not a 

with nickel and nichrome. 

New Cell Design 

a s  in  Figure 10 s o  as to eliminate the C-circuit  shown in Figure 4. 

In view of the above difficulties, the cell was redesigned --....- 

In addition, the 

revised cell provided an argon atmosphere around the outside of the electrolyte 

tube except at the end with the foil.  In this manner the CO,/CO mixture impinged 

directly on the end of the tube and the foil. 

against the end of the electrolyte tube by the spring mechanism which was 

In addition, the foil w a s  pressed  

rrie nti one d previously 

These changes did not a l t e r  the oxidation character is t ics  of nickel o r  

nichrome. The oxidation occurred on both sides of the foils and failed to 

indicate any of the thermodynamic "plateau's" o r  trends which would be char -  

acteristic. of a known oxide. Instead the voltage dropped directly to  that of the 

gasccliis equilibrium in each case.  

OXIDATION O F  MOLYBDENUM 

The f ree  energy of formation of molybdenum dioxide (MOO ) is  of the 

same  o rde r  of magnitude of that for wustite. F o r  this reason i t  was decided 

to study the oxidation of molybdenum and the resul ts ,  a s  shown in Table 4 of 

the Appendix were s imi la r  to those f o r  nickel and nichrome. 

2 
I 1  
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Experiments were made using both the old and the new cells without 

Care was taken in all such experiments to maintain a neutral  success .  

atmosphere until the cell  and foil had attained the experimental temperature  

In fact ,  numerous experiments were made in  which the system was heated to ,  

and cooled f rom,  the experimental temperatures  in the neutral atmosphere to 

determine if any oxidation took place during the heating cycle. It was determined 

that no such oxidation occurred. 

on both s ides  of the foil when the oxidizing COz/CO mixtures were used. 

- The Foi l  -Electrolyte Contact 

poor contact between the foil  and the end of the electrolyte tube. 

However, in  every case oxidation occurred 

These difficulties all pointed to  the possible 

T a r e  and 

Schrnalzried had predicted some difficulty which would originate f r o m  poor 

contact. F o r  some reason the contact was sufficient in every experiment 

involving i ron  foil but was entirely inadequate for  the non-ferrous metals  and 

alloys. No amount of care  in surface preparation of the foil and/or  the electrolyte 

o r  excessive p re s su res  of the foil against the electrolyte were helpful. 

Several experiments were  next made in which the end of the electrolyte 

t u b e  was f i r s t  coated with a deposit of pure molybdenum by means of an  electron 

beam gun. Although the thickness of the deposit was not measured,  previc,us 

experience with the electron beam unit indicated s imi la r  deposits in other types 

of experiments ranged f rom 3000 to 5000 A in thickness. 
0 

The molybdenum foil was then mounted in the cell against the molybdenum 

deposit under p re s su re  as in the revised cell .  Experiments conducted in this 

manner  produced trends s imilar  to those exhibited by i ron.  
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Figure 11 i s  a tracing of one such successful experiment in which the 

molybdenum was  oxidized a t  1000°C with a CO /CO ratio of 5/1.  A copy of 2 

the original record is shown in the Appendix. 

In this experiment the cell w a s  heated to 1000°C in an atmosphere 

having a CO /CO ratio of 0. 32 which was calculated to  be slightly reducing 

with respect to molybdenum. During this period the cell voltage stabilized 

2 

a t  910 millivolts. This i s  shown in the original record a s  point-A. 

The CO,/CO ra t io  was then suddenly changed to 5/ 1 and the cell voltage 

fluctuated as shown in the figure.  As a first approximation it may be assumed 

that the formation of MOO was quickly nucleated at point-B and that the foil 

had been completely oxidized to Moo2 at point-C. 

2 

Following this the Moo2 

was partially oxidized to Moo3 with a fur ther  decrease in voltage and a leveling- 

off o r  a "plateau" at point-D. F r o m  this point on the EMF continued to decrease 

until that of the gaseous reaction w a s  reached. 

THERMODYNAMIC ANALYSIS 

(13)  
Oxidation to Moo2 

the f r ee  energy of formation of molybdenum dioxide may be expressed a s ,  

According to  Kubaschewski, Evans and Alcock --- 

/\Go = -149, 100 -4.6TlogT t 55 .8T  for Mo t O2 = Mo02 - - - - - -  (15) 

and a t  1000°C (1273'K), A G O  = -87, 251 calories 

The reaction free energy may be included in the cell f ree  energy 

I I  

equation, in a manner s imi la r  to that fo r  wustite in Equation-6, o r  
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The peak a t  point-C in Figure 11 occurred a t  854 milli-volts, which i s  

a remarkable  check of the thermodynamically calculated value. This peak was 

a r r ived  a t  in twelve seconds,  thus indicating a very rapid reaction for  the 

formation of MooZ.  

that the oxidation of molybdenum to MOO 

quite s imi la r  to  that for  wustite. 

Indication of Moo3 Formation 

to  decrease for  about two minutes and then leveled off at a "plateau" at  point-D. 

This plateau occurred a t  795 millivolts in about 190 seconds but the significance 

Fur ther  it is evident f rom the shape of the curve A-B-C,  

is nucleated in a manner which is  
2 

I 1  

After reaching i t s  peak, the voltage continued 

of this t rend was not immediately understood. 

It may be rationalized that the rate of diffusion of oxygen into the metal  

foil is slow relative to the rate of oxidation of molybdenum to M o o Z  a t  the 

surface of the foil. 

of the metal  with these gases a t  1000 C involves i ts  oxidation to the dioxide. 

Fu r the r ,  it  will be assumed he re  that the principal reaction 

0 

However, as the dioxide forms  i t  is conceivable that i t  i s  fur ther  oxidized 

a t  the gas-oxide interface to  Moo3. 

e i ther  the metal  foil had been completely oxidized o r  a thick oxide impervious 

This procedure would continue until 

film had formed. 

Thus,  the potential of the cell a t  point-D would be determined by the 

2' effect  of the formation of MOO on the free energy of formation of MOO 
3 
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Thermodynamic calculations may be made by assuming this sequence 

of reactions as a n  hypothesis. Fur ther ,  the effect of the C 0 2 / C 0  ratio on 

the formation of the trioxide must be t rea ted  consistently a s  i n  the case of 

1 1  

wustite, in Equation-6 and in the case of the dioxide in Equation-16. 

Thus,  the reaction f o r  the formation of MOO from MOO and oxygen, is 
3 2 

(17) Moo2 + 1/2 O2  = Moo3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

However, the reaction free energy in  the presence of C 0 2  and CO would be 

It must now be assumed again that the cell  potential is largely the result  

of the MOO formation under the conditions of this cell reaction and that the 
2 

formation of MOO detracts  f rom that potential. Thus, during the formation 3 

of Moo3, 

A G R  = -neF = A G R  

As shown previously, 

(16) - n G R  (18) = L G ; ,  - A G O  t RTln -- '02 --(19) 
17 co 

AGOl, = -87,251 calor ies  at 1000°C. 

Fur the r ,  the standard free energy(13) for  the formation of MOO from 
3 

MOO and oxygen (Reaction-17) is 2 

(20) A G O  = -38, 700 + 19. 5 T - . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
17 

Thus the cell potential during the formation of Moo3 under these 

-87, 251 t 13,877 t 4077 = o. 751 volts = - (  
92,264 
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It should be recalled that since the principal reaction involved here  

i s  the oxidation of molybdenum to the dioxide, the value of n = 4 

The actual cell  potential at point-D in Figure 11 was 795 milli-volts. 

In the second experiment as shown in  Figure 2 of the Appendix, the curve did 

not (1-xhibit a plateau but a break in the curve occurred a t  798 milli-volts. 

However,  the e f fec t  was not sustained. Thus the above calculation is within 

5 .  5”/0 o f  the experimental resul ts .  

continuchd to dr i f t  downward af ter  the “plateau” was exhibited until it reached 

a value of 756 milli-volts which approximates the potential of the gaseous 

As stated prcviously, rhe  cc11 voltage 

reaction as expres sed  in Equation-2 

If one may accept this concept for  the combined reactions,  the following 

explanation may be postulated f o r  the reaction mechanism. 

At the end of each experiment the foi ls  were examined and in every  

case a thick tenacious MOO, film had formed on the surface but considerable 
L. 

metall ic foil remained. 

It is possible that during the ear ly  stages of oxidation that diffu:; 

p rocesses  a r e  rapid enough to perrriit the oxide film to  devc?lop t ( J  a ce r  

cr i t ical  thickness.  However, i t  is conceivable that when this thickness 

on 

ain 

is  

reached the molybdenum ion diffuses more  rapidly to the oxide surface than 

the oxygen ion can diffuse through the oxide film to form Moo2 at  the rnetal- 

oxide interface 

When this stage is  reached the gases tend to oxidize some of the 

dioxide to  the trioxide. However, because of the diffusion of thc metal ion 

throligh tlic oxide f i l n )  the dioxide is reformcd.  



. 

Finally, the oxide film becomes so  thick that the t ransport  of the metal  

ion to the gas-oxide surface i s  insufficient to  sustain the reaction involving the 

tri-oxide. 

oxide surface.  

e r a tu re s  would evaporate and cease to  influence the cell potential. It i s  well known 

that the trioxide melts  at about 8OO0C but vaporizes readily a t  higher temperatures .  

However, some of the dioxide may be oxidized to trioxide a t  the gas-  

If s o  the trioxide which will f o r m  readily up to very high temp- 

CONCLUSIONS, PHASE I1 

The experiments  on the oxidation character is t ics  of both i ron and 

molybdenum present considerable promise that this method can provide accurate  

and useful information regarding the oxidation of metals and alloys. 

This is particularly the case if the metall ic contact with the electrolyte 

is insured by f i r s t  depositing some of the metal  on the end of the electrolyte tube. 

If the oxidation of the metal o r  alloy is not diffusion controlled, good kinetic 

data can be obtained and basic thermodynamic data may be used to  determine 

which oxides a r e  forming a t  any instant. 

Analysis of the thermodynamic data obtained by this method provides 

considerable insight into the mechanism of oxidation which cannot be determined 

by any other technique . 

This experimental  procedure should be investigated fur ther  so as to 

provide knowledge concerning the various mechanisms of oxidation of metals and 

alloys particularly those which exhibit m o r e  than one oxide. 

The oxidation characterist ics of most  s teels  could be studied thoroughly by 

Fur the r ,  metals whose oxides have la rger  standard free energies of this method. 

forniation(or lower oxygen pressures) than wustite may be studied using calcia 
I 1  
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stabilized zirconia as the electrolyte as shown in Figure 12 .  

having more  stable oxides than those shown in this char t  may conceivably be 

studied using yttria stabil ized thoria electrolyte tubes.  

Some metals  

. 
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APPENDIX 

TAR1 ,F,S -- 

Table 1 Oxidation Studies of Nicke I 

Table 2 

Table 3 Oxidation Studies of Iron and Stainless Steel 

Table 4 

Oxidation Studies of Nicke I -Chromium A l l o y s  

Oxidation Studies of Molybdenum 

FIGURES -- 
Figure 1 Oxidation of 0.  005" Mo Foi l  in Contact with Mo-Vapor 

Deposit on End of Electrolyte Tube. 2 / 2 0 / 7 0  

Figure 2 Oxidation of 0 .  005" Mo Foil  in Contact with Mo-Vapor  
Deposit on End of Electrolyte Tube. 2 / 2 4 / 7 0  



Tablc 1 - 

Foi  1 
Thi ckne s s 

Inches 

. 010 

. 010 

. 0 1 0  

. 0 1 0  

. 0 1 0  

. 0 1 0  

- 

OXIDATION STUDIES O F  NICKEL 

A. COLD ROLLED 

Temp. Oxidizing 
O C .  Atomosphe re 

1200 
1000 
1000 
1100 
1100 
1100 

B. COLD ROLLED, AND VACUUM ANNF:AI-,I;:r~ 

O2 . 0 1 0  1100 

C. COLD ROL,LED, VACUUM A N N E A L E D  & ETCHED 

200 ma th ru  cell 
O2 
O 2  

. 0 0 9  1100 

. 0 0 9  1100 

D. LEVITATION MELTED 

. 0 0 25 

. 0 0 2  
1100 
1100 

" 2  
O2 I ma thru  c c : l l  
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4 2  

Table 2 OXIDATION STUDIES OF NICKEL-CHROMIUM ALLOYS - 

COLD ROLLED NICHROME 

Foil 
Temp. Oxidizing Thi ckne s R 

Inches AtmosjJhe re - -- OC -- - 

, 0 0 2  
. 0 0 2  
. 0 0 2  

1000 
1000 
1100 

co /co  1 1 0  2 
C O 2 / C 0  = 8 

O2 

COLD RO.LLED AND VACUUM ANNEALED NICKROME 

. 0 0 2  

. 0 0 2  

. 0 0 2  

. 0 0 2  

. 0 0 2  

1100 
1100 
1100 
1100 
1100 

O2 
O2 Protected by back emf until 

oxidized. 
External pres  sure  applied 

O2 Sauereisen cement to  hold 
O2 foi l  in place 

COLD R O l J L E D ,  VACUUM ANNEALED AND ETCHED NICHROME 

. 0 0 2  
. o o z  O2 

O2 

1100 
1100 

LEVITATION MELTED 50 A ’ ~  C r  - 50 */o Ni 

002  1100 0 External P r e s s u r e  Applied 
2 



Table 3 OXIDATION STUDIES O F  IRON - 

A. COLD ROLLED 

Foil  
Thickness Temp. 
- Inches OC 

, 0 0 0 4  
.0004 
. 0 0 4  
.004 
, 0 0 4  

90 0 
1000 
1000 
1000 
1000 

. 0 0 2  

Oxidizing 
Atmosphere - 

B. COLJD R O L L E D  STAINLESS STEEIA 

CO, /CO= 1.  0 Double Atm. 
C 0 2 / C 0  - 2 .  0 Double Atm. 
C 0 2 / C 0  7 5 . 0  Double Atm. 
C 0 2 / C 0  5 . 0  Double Atm. 
CO / C 0 ~ - 5 . 0  

2 

900 co / C O =  1 . 0  
2 

C. VAPOR DEPOSIT O F  IRON ON END OF ZIRCONIA TUBE 

. W O O 4  900 CO / C O  = 2 . 0  (Normal run f o r  Fe) 
2 

c 
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Table 4 OXIDATION STUDIES O F  MOLYBDENUM - 

A. COLD ROLLED 

D 

Foi 1 
Thi ckne s R Temp. 
Inches OC 

.OlO 

. 0 0 5  

. 0 0 5  

. O O 5  

. 0 0 5  

. 0 0 5  

. 0 0 5  
, 0 0 5  
. 0 0 5  
. 0 0 5  
. 0 0 5  
. 0 0 5  
. 0 0 5  
. 0 0 5  

' I O 0  
900 
90 0 
900 
900 
90 0 
900 
900 
1000 
1000 
1000 
1100 
1200 
1200 

Oxi di zi ng 
AtmosJ'he re ---. - 

co,/co 2 . 0  

Sauc re isen cc?nictnt co./co 1 -  0 to seal foil to  tube 
c q c o  - 1.0 

CO,/CO = 1.0 
co,/co = 1.0 

cop20 = 2 . 0  
co2/co = 5 . 0  
co,/co = 5 . 0  

co / c o = 2 . 0  
co /co=2.0 

2 

CO /CO = 2.0 Double Atm. 
C 0 2 / C 0  = 5 . 0  Double Atm. 
C 0 2 / C 0  = 2 . 0  Double Atm. 
CO / C O - . 2 . 0  Double Atm. 

2 

2 

R. ELECTRON REAM VAPOR DEPOSITED FILM O F  MOLYRDENUM 
O N  END OF ELECTROLYTE TUBE 

0 . 0 0 5  
0 . 0 0 5  
0 . 0 0 5  

900 
1000 
1000 

co2/co 5.0 
co2/co = 5 . 0  
co2/co = 5 . 0  
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'Pizure ;? (Appendix) Oxidat ion of  7 %  v i t h  Cr) /CO Ratio =5/l 
2 

P4o 
5-mil Poi1 W 1 O 0 O o C  

Vapor Deposited on End of E lec t ro ly t e  Tube 

CO,/CO Rnt io  During €lent in[ -  = 0.31 

! 
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